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Edited by Maurice MontalAbstract To probe the size of the ion channel formed by Pseu-
domonas syringae lipodepsipeptide syringomycin E, we use the
partial blockage of ion current by penetrating poly(ethylene gly-
col)s. Earlier experiments with symmetric application of these
polymers yielded a radius estimate of 1 nm. Now, motivated
by the asymmetric non-ohmic current–voltage curves reported
for this channel, we explore its structural asymmetry. We gauge
this asymmetry by studying the channel conductance after one-
sided addition of diﬀerently sized poly(ethylene glycol)s. We ﬁnd
that small polymers added to the cis-side of the membrane (the
side of lipodepsipeptide addition) reduce channel conductance
much less than do the same polymers added to the trans-side.
We interpret our results to suggest that the water-ﬁlled pore of
the channel is conical with cis- and trans-radii diﬀering by a fac-
tor of 2–3 and that the smaller cis-radius is in the 0.25–0.35 nm
range. In symmetric, two-sided addition, polymers entering the
pore from the larger opening dominate blockage.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cyclic lipodepsipeptide produced by Pseudomonas syringae
pv. syringae syringomycin E (SRE) forms ion channels in pla-
nar lipid bilayers [1–3]. At one (cis-) side SRE addition to the
bilayer, the channels are characterized by non-linear and asym-
metric current–voltage curves, suggesting an asymmetry of the
channel structure [3]. Previously, the method of non-electrolyte
exclusion [4–10] was used to estimate the radius of the SRE
channel, which was found to be close to 1 nm [11]. However,
this estimate, obtained under symmetric application of poly-
meric non-electrolytes, refers to an eﬀective radius of the pore,
leaving the question on the pore asymmetry open.
In this paper, we report the results of the pore geometry
probing with asymmetric addition of poly(ethylene glycol)s
(PEGs). When polymers of varied molecular weight are ap-
plied from the diﬀerent sides of the membrane, the changesAbbreviations: SRE, syringomycin E; PEG, poly(ethylene glycol); PS,
1,2-dioleoyl-sn-glycero-3-phosphoserine; PE, 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine
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of channel cis- or trans-openings and location of the constric-
tions in the pore lumen [12–15]. We follow the changes in SRE
single channel conductance induced by diﬀerently sized PEGs
added to either cis- or trans-side of the lipid bilayer. We ﬁnd
that polymers added from the trans-side aﬀect the channel con-
ductance much more eﬀectively, suggesting the larger size of
the channel opening at the trans-side of the bilayer (opposite
to the side of SRE addition). Using available approaches for
polymer partitioning [16–19], we build a model to describe
the polymer-induced conductance changes in pores of varying
diameter. Assuming a simple conical geometry of the SRE
pore, we estimate the radii of the cis- and trans-openings as
0.25–0.35 nm and 0.5–0.9 nm, respectively.2. Materials and methods
All chemicals were of reagent grade. Synthetic 1,2-dioleoyl-sn-gly-
cero-3-phosphoserine (PS), and 1,2-dioleoyl-sn-glycero-3-phosphoeth-
anolamine (PE) were from Avanti Polar Lipids. Water was deionized
and double-distilled. Solutions of 1 M NaCl (J.T. Butler) were buﬀered
with 5 mMMOPS (Sigma), pH 6. Syringomycin E was puriﬁed as pre-
viously described [20]. The poly(ethylene glycol)s (PEGs) of diﬀerent
molecular weights: PEG200, PEG300, PEG400, PEG600, PEG1000,
PEG1500, PEG3400, and PEG4600 were purchased from Sigma and
used in 15% w/w concentration. Polymers were added to 1 M NaCl
solution in water.
Bilayer lipid membranes were prepared by monolayer-opposition
technique on a 50–100 lm diameter aperture in the 10-lm thick Teﬂon
ﬁlm separating two (cis and trans) compartments of the Teﬂon cham-
ber [6,21]. Membranes were made from the equimolar mixture of PS
and PE. PEGs of varied molecular weights were added from one side
of the membrane, while the impermeant PEG4600 was on the other
side. SRE was added to the aqueous phase of the cis-side compartment
at the concentration 1–5 lM. Ag/AgCl electrodes with agarose/2 M
KCl bridges were used to apply transmembrane voltage (V) and to
measure the single channel current. ‘‘Positive voltage’’ means that
the cis-side compartment is positive with respect to the trans-side.
All experiments were performed at room temperature.
Current measurements were carried out using Axopatch 200B ampli-
ﬁer (Axon Instruments) in the voltage clamp mode. Data were ﬁltered
by a low-pass 8-pole Bessel ﬁlter (Model 9002, Frequency Devices) at
1 kHz and directly recorded into the computer memory with a sam-
pling frequency of 5 kHz. Data were analyzed using pClamp 9.2 (Axon
Instruments) and Origin 7.0 (Origin Lab).
Conductance-wise SRE channels split into two diﬀerent populations:
‘‘small’’ and ‘‘large’’ channels, whose relative statistics depend on the
experimental conditions [22]. It was shown earlier that the large chan-
nels are the clusters of simultaneously opening/closing small channels
[2,11]. Here, we focus on the PEG-induced changes in the current of
the small SRE-channels. Current transition histograms were generated
for each tested voltage. Histogram peaks were ﬁtted with the normal
distribution function. Single channel conductance was calculated as
the mean single-channel current divided by the applied transmembrane
voltage.blished by Elsevier B.V. All rights reserved.
Fig. 2. The conductance-voltage characteristics of SRE-channel in the
presence of PEG200 and PEG4600 added from the diﬀerent sides of
the membrane. PEG200 reduces the channel conductance to a larger
extent when applied from the trans-side.
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As shown by Kaulin et al. [11], PEG200 penetrates into the
SRE channel pore while PEG1500 and heavier PEGs are
strongly excluded. Fig. 1 shows the samples of transmembrane
current ﬂuctuations corresponding to opening/closure of ele-
mentary SRE channels in the presence of permeant PEG200
and impermeant PEG4600 at diﬀerent sides of the bilayer.
The single channel conductance decreases in the following ser-
ies: PEG4600 cis/PEG4600 trans, PEG200 cis/PEG4600 trans,
PEG4600 cis/PEG200 trans, PEG200 cis/PEG200 trans. The
decrease of the channel conductance in the presence of PEG
is related to polymer partitioning into the channel pore [5–
10]. The rightmost sample shows the current through the chan-
nel in the absence of polymers. It is somewhat smaller than the
current in the presence of the impermeant PEG4600 (the left-
most sample) because of the changing electrolyte activity [6,9].
Fig. 2 presents the conductance-voltage characteristics of the
SRE channel in the presence of PEGs applied from diﬀerent
sides of the membrane. The channel conductance is pro-
nouncedly reduced by PEG200 applied from the trans-side of
the bilayer (opposite the side of SRE addition), but not from
the cis-side. These data suggest that the pore constriction is lo-
cated closer to the cis-opening. One also can see that the eﬀect
of symmetric application of PEG200 is a sum of the eﬀects of
the cis- and trans-side applications of this non-electrolyte.
We measured the channel conductance in the presence of dif-
ferently sized polymers applied from either cis- or trans-side of
the membrane with the impermeant PEG4600 on the opposite
side. Fig. 3 summarizes our results for V = +200 mV,
Vﬁ 0 mV, and V = 200 mV (Fig. 3A, B, and C, respec-
tively). To compare the degree to which these non-electrolytes
permeate the channel pore from cis- or trans-side of the bi-
layer, in Fig. 3 we plot the ratio of the channel conductance
in the presence of a given PEG to the mean channel conduc-
tance in the presence of impermeant PEGs (PEG1500,
PEG3400, and PEG4600). From the results in Fig. 3 one can
see that the eﬀect of PEG addition to the cis-side of the bilayer
(open circles) is pronouncedly diﬀerent from that of the trans-
side addition (solid squares). At the cis-side PEG application
there are no signiﬁcant changes in the channel conductance
in the whole range of PEG molecular weight for V = 0 mV
and V = +200 mV (Fig. 3A and B); only for the case of
V = 200 mV, application of PEG200 produces a reliable con-
ductance decrease indicating partial partitioning of this PEG
into the channel pore (Fig. 3C). With the trans-side polymer
application, the channel conductance decrease is observed for
all PEGs with molecular weight smaller than 1000. For the
case of V = 0 mV and V = +200 mV, the channel conductanceFig. 1. The eﬀect of cis- and trans-side addition of PEG200 and PEG4600 (15
bathed by 1 M NaCl, pH 6, at V = 200 mV. The decrease of the channel co
channel pore: PEG4600 is strongly excluded, while PEG200 penetrates th
However, permeating PEG200 aﬀects SRE-channel conductance asymmetricratio decreases from 1.0 to 0.4 with the decrease of PEG
molecular weight from 1000 to 300; subsequent decrease of
PEG molecular weight to 200 does not aﬀect the channel con-
ductance (Fig. 3A and B). Note that PEG200, PEG300, and
PEG400 decrease the channel conductance more eﬀectively
than bulk conductivity (dotted line at 0.6), suggesting polymer
accumulation in the channel pore. For V = 200 mV (Fig. 3C)
the dependence of the channel conductance ratio on PEG
molecular weight is similar, however the decrease of molecular
weight from 1000 to 200 results in a gradual reduction of the
conductance ratio from 1.0 to 0.6.
Close similarity of the dependence of the channel conduc-
tance ratio on PEG molecular weight at the cis and trans-side
polymer application for V = 0 mV and V = +200 mV (Fig. 3A
and B) suggests that in the indicated voltage range the channel
geometry is preserved. The cis-side addition of PEG at
V = 200 mV (Fig. 3C) is also close to the dependencies ob-
served at V = 0 mV and V = +200 mV. However, there is a dif-
ference of the trans-side PEG partitioning in the channel pore at
V = 200 mV (Fig. 3C) and at V = 0, V = +200 mV (Fig. 3A
and B). The smaller eﬀect at V = 200 mV can be tentatively
attributed to the electro-osmotic water ﬂow from the cis- to
the trans-side of the channel [23] induced by its anion selectivity
[1,2,11]. This ﬂow can decrease partitioning of the permeating
PEGs applied from the trans-side of the bilayer. For this reason,
the actual channel geometry may be the same as in the 0,
+200 mV voltage range. However, still another possibility is
the voltage-dependent changes in the SRE channel geometry.
We consider the decrease of the channel conductance to be a
result of PEG partitioning into the SRE channel. For simplic-% w/w) on the current through a single SRE channel in PS/PE bilayer,
nductance in the presence of PEG is related to its partitioning into the
e channel pore, displaces the ions, and increases solution viscosity.
ally.
Fig. 3. The relative changes in SRE-channel conductance as functions
of the PEG molecular weight. Hydrodynamic radii of the polymer [30]
are denoted on the top axis. Open circles and solid squares correspond
to the cis- and trans-side application of polymer of varying molecular
weight, respectively (the impermeant PEG4600 was on the opposite
side). The dotted line at 0.6 corresponds to the ratio of bulk solution
conductivities with and without polymers. Panels A, B, and C show
changes of the conductance ratio at V = +200 mV, V = 0 mV, and
V = 200 mV, respectively. The solid lines in all three panels present the
best-ﬁt predictions based on the scaling law (Eqs. (1), (2), (4) and (5)) for
the given pair of cis and trans-side channel radii; the dashed lines are the
best ﬁts using a = 3 and v as an adjustable parameter (see text).
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pore can be approximated by a regular cone. Indeed, giventhe channel length L, this geometry can be described by two
parameters only: by the radii of the cis- and trans-openings.









where v(w,x) is the averaged local electrolyte conductivity,
which depends on PEG molecular weight (w) and coordinate
along the pore axis (x); R(x) is the local pore radius. To calcu-
late the integral in Eq. (1) for a particular geometry, one
should deﬁne v(w,x).
It was shown that conductivity of electrolyte solutions de-
creases approximately linearly with the increasing monomeric
content of PEG up to nearly 25% w/w concentration [24].
Based on this observation, for the averaged local electrolyte
conductivity in the channel we write:
vðw; xÞ ¼ v0  pðw; xÞðv0  vÞ ð2Þ
where v0 is the solution conductivity in the absence of PEG in
the channel (85 mS/cm), v is the solution conductivity in the
presence of fully permeant PEG, and p(w,x) – polymer parti-
tion coeﬃcient, the ratio of the monomer density inside the
channel to that in the outside solution. For completely ex-
cluded polymers v(w,x) = v0, since their partition coeﬃcient
is equal to zero, while for PEGs that easily access the entire
channel volume, v(w,x) = v.
In the previous studies with asymmetric polymer application
[12–15] a so-called ‘‘ﬁlling factor’’, U(w), was introduced by
assuming that for a cone-shaped pore at polymer application
from the wider opening the partition coeﬃcient is:
pðw; xÞ ¼ 0; 0 6 x < UðwÞL
1; UðwÞL 6 x 6 L

ð3Þ
where U(w) describes the ratio of the pore length accessible to a
polymer of a given molecular weight to the total pore length.
Fig. 4A shows the proﬁle of the partition coeﬃcient given by
Eq. (3). This simple approximation (see discussion in Ref.
[13]) proved to be useful in a number of studies aimed at prob-
ing structural asymmetry of ion channels [12–15].
More realistic picture of polymer partitioning should not in-
volve a step function in polymer distribution along the pore of
variable radius. Be it hard spheres or ‘‘soft’’ polymer particles,
their partitioning is always a smooth function of pore radius
[9,13,25,26]. Here, as an improved, but still crude, approxima-
tion we assume that the functional dependence is given by the
scaling theory [17–19] if penetrating polymers are applied from
the wider opening of the channel. According to this approach,
the free energy cost of polymer partitioning into a cylindrical
pore is proportional to polymer length and, therefore, to its
molecular weight DF(w)  w. Unfortunately, the scaling argu-
ments do not give the numerical value of the proportionality
coeﬃcient which is necessary for the size estimation. To obtain
this coeﬃcient, we use results obtained earlier for other chan-
nels [9,26]. According to these studies, the free energy of poly-
mer conﬁnement by the channel equals 1kT when the
hydrodynamic radius of a PEG molecule is close to 1.68 of
the channel radius. We designate this empirical parameter as
c. At this polymer size the partition coeﬃcient reduces e times
compared to equi-partitioning (p = 1.0).
Fig. 4. The comparison of the partition coeﬃcient proﬁles along the
axis of a cone-shaped channel, which are given by Eq. (3) (panel A),
and Eq. (4) (panel B). The permeating polymer is applied from the side
of the larger channel opening, which corresponds to the trans-side in
the case of the SRE channel.
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mind that water for PEG is a good solvent, i.e., r(w)  w3/5, for
polymer partitioning from the wider channel opening we as-
sume:




where r(w) is the hydrodynamic radius of the polymer, and
c = 1.68 as explained above. Eq. (4) describes equilibrium par-
titioning. Therefore, for the one-sided (asymmetric) applica-
tion of polymers, which corresponds to non-equilibrium
conditions it should be used with caution. We assume that in
the case of a conical geometry with a signiﬁcant diﬀerence in
radii, the non-equilibrium eﬀects are small if penetrating poly-
mers are applied from the side of the larger radius (trans-side
of the SRE channel). As illustrated in Fig. 4B, for a polymer
of a given molecular weight Eq. (4) predicts a gradual increase
of p(w,x) with the increase of the channel radius along the x-
coordinate.
For the partitioning of polymers applied from the side of the
smaller radius (cis-side), the non-equilibrium distribution dom-
inates. We assume that at the cis-opening the concentration
can be calculated using Eq. (4), while for the rest of the channel
the Fick–Jacobs approximation [27] is valid. This approxima-
tion accounts for particle diﬀusion in irregularly shaped pores,
including the case of increasing radius toward the trans-side:
pðw; xÞ ¼ exp  rðwÞ
cRcis






where x is the distance along the channel axis measured from
the cis-opening.
The solid lines in Fig. 3 show the ﬁtting of Eqs. (1), (2), (4)
and (5) to the obtained data. The ﬁtting is poor because, as inthe case of other channels studied so far [9,13,26,28] the depen-
dence of partitioning on polymer size is much stronger than
the scaling theory prediction. Following these studies, we
introduce an empirical parameter a that sharpens the transi-
tion between excluded and penetrating polymers by assuming
DF(w)  wa. The physical meaning of the deviation of this
parameter from unity is not clear. This can be related to both
channel-polymer [9] and polymer–polymer interactions in the
conﬁnement of the channel [29]. In addition, the eﬀect of small
polymers (Fig. 3A and 3B) on the channel conductance is
greater than that on the bulk solution conductivity, suggesting
PEG partitioning to an excess of its bulk concentration. To ac-
count for this, we use v in Eq. (2) as an additional adjustable
parameter. As in the case of a-hemolysin channel, ﬁttings with
a = 3 shown by the dashed lines demonstrates much better
agreement (compare with Fig. 5 of [9] and Fig. 8 of [26]).
The conductivity v was chosen as 34, 30 and 50 mS/cm for
Fig. 3, panels A, B, and C, respectively. The results of the best
ﬁttings for both procedures for all the voltages give the follow-
ing ranges of the cis- and trans- channel radii: 0.25–0.35 nm
and 0.5–0.9 nm, respectively.
To conclude, our polymer partitioning study reveals a pro-
nounced asymmetry of the SRE channel, with its cis-opening
being much narrower than the trans-opening. Thus, the pre-
sumably lipidic trans-part of the channel structure [3] is consid-
erably wider than the peptide part. It is worth mentioning that
the obtained results agree with the data on symmetric applica-
tion of PEGs [11]. In the case of symmetric addition, partition-
ing of polymers from the trans-side dominates channel
blockage, thus leading to a radius estimate close to 1 nm.
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